Kinetics of trimetaphosphate reversion in highly acid media by Lardy, Mathias Michael
University of Montana 
ScholarWorks at University of Montana 
Graduate Student Theses, Dissertations, & 
Professional Papers Graduate School 
1962 
Kinetics of trimetaphosphate reversion in highly acid media 
Mathias Michael Lardy 
The University of Montana 
Follow this and additional works at: https://scholarworks.umt.edu/etd 
Let us know how access to this document benefits you. 
Recommended Citation 
Lardy, Mathias Michael, "Kinetics of trimetaphosphate reversion in highly acid media" (1962). Graduate 
Student Theses, Dissertations, & Professional Papers. 8211. 
https://scholarworks.umt.edu/etd/8211 
This Thesis is brought to you for free and open access by the Graduate School at ScholarWorks at University of 
Montana. It has been accepted for inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an 
authorized administrator of ScholarWorks at University of Montana. For more information, please contact 
scholarworks@mso.umt.edu. 
KINETICS OF TRIMETAPHOSPHATE REVERSION 
IN HIGHLY ACID MEDIA
by
MATHIAS MICHAEL LARDY
B.S. Dickinson State Teacher’s College, 1954 
M.S. Oregon State University, 195Ô
Presented in partial fulfillment of the requirements 
for the degree of Master of Science
Montana State University 
1962
Approved by:
/ ■  / -i ' '̂  1 t .Chairman, Board of Examiners
Dean, Graduate School'
Date
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number; EP39012
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
UMI*
Okssadation PuWiahmg
UMI EP39012
Published by ProQuest LLC (2013). Copyright in the Dissertation held by the Author.
Microform Edition ©  ProQuest LLC.
All rights reserved. This work is protected against 
unauthorized copying under Title 17, United States Code
ProjQ̂ st
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106 -1346
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGMENTS
The author wishes to express gratitude and appreciation 
to Dr. R. K. Osterheld for his guidance and patience through­
out the research and the preparation of the manuscript*
The author also wishes to express gratitude and 
appreciation to his wife, Deanna, and their children, Steven, 
Renee and Cheryl, for their patience, sacrifice and inspi­
ration throughout this work.
ii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
PAGE
ACKNOmEDGMENTS...............................   . . • . ii
LIST OF TABLES........................................ v
LIST OF F I G U R E S ........................................ vi
CHAPTER
I. INTRODUCTION....................    1
II. EXPERIMENTAL PROCEDURE.......................... 4
A. Analysis..........................   4
B. Adjusting the Hydrogen Ion Activity. . . .  6
C. Determination of Hydrogen Ion Activity . . 6
D. A p p a r a t u s.........    7
E. Design of R u n s ..........................   8
III. EXPERIMENTAL RESULTS ...........................  11
IV. DETERMINATION OF IONIZATION AND RATE CONSTANTS
AND ACTIVATION E N E R G I E S .........   1?
A. Background............................. . 17
B. Calculations with Set at 1 x 10^
and 1 X 10”^ .......................... 21
C. Adjusting K2 , the Ionization Constant
of the Second S p e c i e s ............... 25
D. Adjusting Kj, the Ionization Constant
of the Third Species..................29
111
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
iv
CHAPTER PAGE
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CHAPTER I 
INTRODUCTION
There have been a number of studies on the kinetics of 
the hydrolysis of trimetaphosphate to orthophosphate,
P^O^-^ + 3H2O - 3H2P04~1
Early studies showed that the rate of hydrolysis is directly 
proportional to the concentration of the reactant, trimeta­
phosphate (7)* First order rate constants have been calcu­
lated for this reaction (5, 7, 1 4 ,  2 1 ) .  An increase in 
temperature or hydrogen ion activity has been found to 
increase the rate of the reaction (1, 5, 14, 19, 21).
No reports were found of studies at a pH less than 0.39, 
all the experiments being performed in the pH range of 0.59 
to 9.0 . only two of the reports involved a series of runs 
over a fairly wide pH range. Beans and Kiehl made a number 
of runs extending from pH 0.59 to pH 6 . 2 3  (1), and Healy and 
Kilpatrick studied the reaction from pH 1.70 to 2 . 3 3  (14)«
Figure 1 summarizes data from these earlier papers. The 
rate constants attributed to Beans and Kiehl were calculated 
by us from their data and are probably not reliable. They 
analyzed for the orthophosphate concentration. Consequently, 
the rate obtained was the rate of formation of ortho­
phosphate, which is probably less than the rate of 
hydrolysis of trimetaphosphate because of the likely
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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formation of intermediates (2),
Although Healy and Kilpatrick reported the existence of 
the and species in their solutions neither
they nor any other authors reported rate constants for 
individual species. Healy and Kilpatrick’s work, although 
it was the most reliable, covered a very narrow pH range, 
limiting the usefulness of their data.
Other workers studied the hydrolysis reaction in acid 
and alkaline solution, but the experiments were performed 
at only 2 or 3 widely separated points in the pH interval of 
0,59 to 9*0 (4, 5, 7, 9, 18). Green in his work on the 
hydrolysis of trimetaphosphate indicated that his data were 
not reliable enough to determine rate constants, as he fol­
lowed the orthophosphate concentration only. However, it 
was possible to obtain estimates of the rate constants from 
plots of his data (9). Still other workers reported on the 
hydrolysis of trimetaphosphate, but they gave neither rate 
nor ionization constants nor did they give analytical data 
(3, 8, 18, 19, 23).
The purpose of this research was to study the hydrol­
ysis reaction from a pH of about 4 into as highly an acid 
region as experimental conditions allowed, in order to follow 
the rate increase with increase in hydrogen ion activity 
and determine what species might be present.
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Figure 1. Overall rate constants from publications and this work
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER II 
EXPERIMENTAL PROCEDURE
A. ANALYSIS
An analytical method developed by Jones was used to 
determine the trimetaphosphate concentration (15). This 
involves precipitating with Ba+^, long-chain phosphates at a 
pH of about 4.0 and short-chain phosphates at a pH of about 
9.0. The precipitate is filtered off and the trimetaphosphate 
which is still in the filtrate is hydrolyzed to ortho­
phosphate with concentrated nitric acid. After the hydrol­
ysis, the orthophosphate is precipitated with ammonium 
molybdate and the titer of the ammonium phosphomolybdate 
precipitate is determined volumetrically with NaOH. The 
method was modified to the extent that before the addition of 
the ammonium molybdate, the solution was diluted to 270 mi. 
to reduce the ammonium nitrate concentration to about 10% by 
weight, after which SO ml. of the ammonium molybdate solution 
were immediately added. The titer of the ammonium phospho­
molybdat e precipitate was determined volumetrically with 
O.IN NaOH. A correction curve was used based on analysis of 
samples containing known orthophosphate concentrations plus 
concentrations of K*, CLO/^“ , NĤ *̂, N0^“, Ba"^^, Cl"" and Na"̂  
corresponding to the usual samples obtained from runs.
The method had a precision of 2% or better when the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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titer of O.IN NaQH was 15 ml. or more. Since a small amount 
of the ammonium phosphomolybdate precipitate was nearly 
always observed in the filtrate, the precision was quite 
severely affected when the NaQH titer was below about 1,5 ml. 
With runs more acid than a pH of -2.5, by the time the 
trimetaphosphate and acid solution were mixed and the first 
aliquot taken, most of the trimetaphosphate had hydrolyzed, 
such that the NaQH titer of the first aliquot was 1.5 ml. or 
lower. This limited the reliability of the rate constants 
in this pH interval. For example, the two points at pH 
-3.25, 0°C, Figure 2, were the results of two separate anal­
yses on the aliquots taken during the run. Two points are 
also shown at pH -3.65, 0°C, these represent the rate 
between the first and second aliquots and the first and 
sixth aliquots of the same run, the other aliquots gave 
either negative titers or titers higher than that of the 
first sample. Two more separate analyses of the aliquots 
did not improve the situation. The rate at this pH was not 
determined in the manner described in Chapter III, as sam­
pling was carried through only the second half-life. How­
ever, because of poor analytical results in this region it 
was not felt profitable to begin another run.
On the other hand, we wish to point out that a second 
complete analysis was made on each of the samples from the 
runs at pH -2.12 and -0.82. In each case there was good 
agreement between rate constants determined for each pH.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The analytical problems in the highly acid region 
limited the reliability of the rate constants in this region, 
below a pH of -2.5. The rates reported actually are un­
certain, The first points of an analysis would be more 
reliable than the last. For this reason, in interpreting 
the data greater emphasis was placed on the earlier points 
in a run, as is pointed out later.
B. ADJUSTING THE HYDROGEN ION ACTIVITY
Perchloric acid was used to adjust the hydrogen ion 
activity on the basis of evidence furnished by Larapi in her 
work on the reversion of pyrophosphate (17, p. 6), With 
perchloric acid we were able to work in regions of greater 
hydrogen ion activity,
C. DETERMINATION OF HYDROGEN ION ACTIVITY
In regions of pH less acid than 0.00, the Beckman model 
GS pH meter was used to determine the pH, the instrument was 
calibrated at the temperature of the run. For regions of pH 
more acid than 0 ,0 0, the hydrogen ion activity was determined 
from the perchloric acid concentration and the data of 
Robinson and Baker (22).
We encountered some difficulty obtaining consistent pH 
readings between pH’s 0.00 and 0.70, The needle on the pH 
meter drifted towards the acid side after a few minutes in 
the acid solution. Rinsing the electrodes with bath
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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temperature distilled water seemed to restore the original 
reading,
D. APPARATUS
In order to obtain rate data over a wide pH range, it 
was necessary to determine rate constants at temperatures of 
0 , 25 and 39°C.
An ice bath placed in a refrigerator was used to main­
tain the temperature at 0.00 ± ,02°C. The pipets for with­
drawing samples were kept in the refrigerator at a temper­
ature of about 10°C.
At 25.03 - .02°C, use was made of an already existing 
constant temperature bath, the bath temperature was maintained 
by cooling coils and an intermittent heater controlled by a 
mercury regulator. Because of extreme temperature fluctuatlcn 
in the cooling water, the temperature of the bath rose O.l'-'C 
during the run starting at pH 1.69.
The bath used at 39.50 Î .04°C was that built by 
Lampi (17, p. 6). Glass wells were placed in the bath to 
hold pipets, in order to maintain them at bath temperatures.
By calibration it was established that the labeled 
volumes of the pipets and the volumetric flasks used for the 
runs and the analyses were applicable at all temperatures 
used within the precision of this study. The thermometers 
used at 25.03 ± .02°C and 39.50 i .04°C were calibrated 
against a platinum resistance thermometer standardized by the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
United States Bureau of Standards, The thermometer used at 
0.00 t ,02°C was calibrated in an ice bath,
E. DESIGN OF RUNS
In runs where the perchloric acid concentration was 
low, approximately 2 ,30 grams of Na^P^O^ were weighed out, 
dissolved in distilled water and brought to bath temperature. 
The desired amount of perchloric acid was weighed out, 
diluted with distilled water and brought to bath temperature. 
The trimetaphosphate solution was added to the perchloric 
acid solution in a 250 ml. flask and enough distilled water 
at bath temperature added to bring the solution to the mark. 
This solution was now about 0.03M in Na^P^O^, It was mixed 
by removing the flask from the bath, inverting it several 
times with vigorous shaking or by several times drawing the 
solution into a 50 ml, pipet, already at bath temperature 
and forcefully expelling it, A 5 ml. aliquot was then taken 
for analysis.
Where the perchloric acid concentration was high, both 
Na^P^Og and perchloric acid were weighed out as before. The 
perchloric acid was diluted almost to the mark in a 100 ml, 
volumetric flask. After having been brought to bath temper­
ature the solution was diluted to the mark with bath temper­
ature distilled water. Mixing of Na^P^Og was accomplished 
by pouring the acid solution into a beaker previously placed 
in the bath and stirring in solid Na^P^Og while still in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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bath, A 5 ml. aliquot was immédiately taken for analysis. 
For pH’s of -2.5 or less acid the trimetaphosphate 
dissolved quite readily in the perchloric acid solution, 
usually not more than 20 minutes was required for complete 
dissolution. This did not create a problem, since the rate 
was slow enough to enable following the reaction conven- 
iently through three half-lives. At pH’s more acid than 
-2 ,5 nearly one hour was required to dissolve most of the 
trimetaphosphate, the solution was decanted off and replaced 
in the bath, whereupon a colloidal suspension appeared to 
develop, but later on was no longer evident. This behavior 
was noted only at 0°C, because only at 0°C could we study 
runs this highly acid.
The aliquots taken for analysis were pipetted over 
enough frozen distilled water to immediately slow the 
reaction and the solution was promptly neutralized. Where 
the hydrogen ion activity was high, saturated KOH was used 
to neutralize the perchloric acid. In regions of lower 
hydrogen ion activity, dilute KOH was used to neutralize 
the perchloric acid. At still lower hydrogen ion activities, 
around a pH of 3.0, O.IN NaOH was the neutralizing agent. 
Pouring the aliquot over ice dropped the temperature, in 
regions of high perchloric acid concentration, to as low as 
-7°C, Therefore this method of neutralization was also 
satisfactory at 0°C, since the heat of neutralization raised 
the temperature to only 0.5°C after complete neutralization.
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The samples were then placed in the refrigerator and kept at 
or near 0°C and a pH of about 8 , until the run was complete, 
at which time they were removed and brought to room temper­
ature for analysis*
Wherever possible the reactions were allowed to run at 
least through the third half-life, with samples taken at 
even intervals throughout the run.
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CHAPTER III 
EXPERIMENTAL RESULTS
The data from each run were plotted as log molarity 
versus time in hours. At pH^s more acid than about -1.0, 
considerable curvature of the rate plots occurred, curving 
which would not be expected from first order reaction data. 
Attempts to obtain second order reaction rate constants from 
the data, according to the equation, Rate = k(P3O9)(H2O)» 
were completely unsuccessful.
We also considered the possibility of the reverse 
reaction of the trimetaphosphate hydrolysis occurring to an 
appreciable extent:
H3P3O9 + H2O - H^P^O^p
Should an increase in hydrogen ion activity favor an 
increased equilibrium concentration of trimetaphosphate the 
curvature would be accounted for on the basis that the 
trimetaphosphate concentration was asymptotically approaching 
a measurable equilibrium concentration in highly acid 
solution, as opposed to approach to a negligible equilibrium 
concentration at ordinary acidities. Two experiments were 
tried: (1) periodic analyses of a pH “1.57 solution of 
triphosphate only and (2) periodic analyses of a pH «I.40  
solution containing a mixture of triphosphate, pyrophosphate 
and orthophosphate in proportion to their expected
— 11—
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concentration in the reaction vessel» In neither of these 
experiments was trimetaphosphate formation detectable»
Where this curvature occurred in the rate plots, the 
overall rate constants were calculated to show the rate at 
the completion of the second half-life. This intermediate 
time was chosen, since as pointed out in Section A,
Chapter II, the analytical data were less reliable after 
the trimetaphosphate concentration had become very low and 
the early rate might be in error due to departures from bath 
temperatures incident to dilution of the perchloric acid.
In regions of low hydrogen ion activity, where it was 
possible to measure the change in hydrogen ion activity, the 
rate constants were determined by determining the slope of 
the line drawn through each set of two points. The hydrogen 
ion activity was determined by averaging the pH’̂s measured 
for each set of two points corresponding to the calculated 
rate constant.
In Table I are listed the experimental first order rate 
constants and the corresponding hydrogen ion activities and 
pH^s, Figure 2 shows the plot of the log of the experiment a. 
first order rate constant versus pH.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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t a b l e I
EXPERIMENTAL FIRST-ORDER RATE CONSTANTS
0,00^0
PH
Hydrogen Ion 
Activity Rate Constantsj, Hr. “1
0.59 .257 .007570.59 .257 .01040.58 .263 .00706
0.57 .269 .00805
0.55 .282 .00901
0.54 .288 .00813-0.82 6.58 .208-0.82 6.58 .203—1 .64 44.3 .722
-1.95 88.5 1.36-2.12 131. .966-2.12 131. .935—2 * 46 292. 0 964
-3 .25 1780. .480
-3 .25 1780. .913-3.65 4400* 1 .46
-3 .65 4400. 2.38
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TABLE I (continued)
EXPERIMENTAL FIRST-ORDER RATE CONSTANTS
2 5 . 0 3 ° C
pH
Hydrogen Ion 
Activity
Rate Constants
Hr. 1
2.OS .00832 .00230
2.04 .00912 000246
2.00 .0100 .00262
1 .96 .0110 .002851.92 .0120 .00323
1.90 .0126 .00351
1.89 .0129 .00345
1 ,86 .0138 .003841,83 .0148 .00432
1 .81 .0155 .0044a
1.75 .0178 .005471.69 .0204 .00^67
1.22 .0603 .01^6
1 .20 .0631 .0211
1.19 .0646 .028'P
1.17 .0676 .033 T1.15 .0708 .0329
1.13 .0741 .0409
1 ,11 .0776 0 0424
0 .62 .240 .141
0 .61 .245 ol̂ '2
0 .60 .251 .1790.49 .324 .210“0.03 1 .08 .81?
-0 *45 2 .84 1.74-0.83 6 .7 6 3.18-1.18 15.3 5.51-1.53 34.0 7 .16
-2.53 339. 12.7
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TABLE I (concluded)
EXPERIMENTAL FIRST-ORDER RATE CONSTANTS
39*50°C
pH
Hydrogen Ion 
Activity
Rate Constants 
Hr.-l
3.Ô9 .000129 .0002383.86 .000138 .0001893.81 .000155 ,0002603.80 .000158 .0003133.61 .000245 .0002743.55 ,000282 .0004203.48 .000331 .0006373.45 .000355 .0006903.28 .000525 .000726
3.13 .000741 .0009922.55 .00282 .002602.52 .00302 .002702.50 .00316 .002942.45 .00355 .002662.40 .00398 .00367
2.35 ,00447 .004282.27 .00537 .004960.68 .209 .3950.67 .214 .5350,66 .218 .646
0.64 .229 .7900.61 .245 .856
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C H A P T E R  I V
DETERMINATION OF IONIZATION AND RATE CONSTANTS 
AND ACTIVATION ENERGIES
A. BACKGROUND 
Triraetaphosphoric acidj is a six=merabered ring,
formed by joining three orthophosphate tetrahedra by oxygen 
bridges. The acid ionizes readily, the three ionization 
constants being nearly equal. An ionization constant of 
0.009 has been reported for H^P^Og (6),
Considering the observed hydrolysis rate to be the sum 
of the rates of hydrolysis of individual trimetaphcsphate
species, the overall observed rate constant must be the
weighted average of the rate constants for the indi'tidua] 
species. The overall rate constant can be calculated at ar̂  
hydrogen ion activity from an equation of the form-
k( calculated) = f k^x^ 4 k^x^ 4> k^Xy
where kg, k]̂ , kg and k^ are the rate constants of individual 
species, such as H^P^Og, H2P^0g''^3 HP^Og'^, and PgOg^' , 
respectively and Xg, Xy, Xg and x^ are the respective me.: e 
fractions of the species at the hydrogen ion activities 
studied. The dependence of the observed hydrolysis rate 
constant on pH is then interpreted as resulting from change;; 
in the mole fractions as the pH is changed.
The equation for the hydrolysis of triraetaphcsphate
“ 17“
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would seem to indicate that the reaction is second^order 
overall:
^309"^ ■» H2O ~ H2P^0iQ"^
rather than first-order. The rate expression
-dc = kplHoO)(PiOg-^)dt ^
would hold, rather than the equation -dc =
"d t
However, since the water activity remained nearly constant 
throughout a run the reaction is pseudo-first-orderg and it 
is possible to calculate the less complicated first-order 
rate constant. Unfortunately, our analytical data as dis­
cussed in Section A, Chapter II do not have sufficient 
reliability, particularly in the high acid region, where the 
water activity differs most between runs, to warrant a test 
of the applicability of second-order kinetics as opposed to 
first-order kinetics. The first-order rate constants at 
pH's -2.12 and -1,64 are 42 and 57 percent of the respective 
second-order rate constants.
In our calculations of the ionization and rate constants 
we have assumed the ionization constant of any acid species 
to be equal to or greater than that of the next lower acid 
species, in accord with general experience with polybasic 
acids. We have also assumed the rate constant for hydrolysis 
of any species to be higher than or equal to that of the 
next lower acid species, in accord with the rapid increase 
in rate as the pH is lowered.
We will refer to the first, second, third .., nth
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ionization constants as K^, K2 , ... and the first,
second, third ... nth rate constants as k%, k2 , ... k^»
The calculations do not require that the individual species 
be identified with any particular chemical formula. Calcu­
lations of this type are facilitated if a region of hydrogen 
ion activity is chosen where one ionic species is most 
abundant. We felt that chances were best of finding a 
single species most abundant in regions of highest hydrogen 
ion activity. Our data at 0.00°C extended furthest into the 
region of high hydrogen ion activity, consequently we started 
our calculations with the most acid data at this temperature.
Using 1 X 10"^ (6) as the ionization constant for the 
first species and "guessing" the best ionization constant of 
the second species, the mole fractions of the species were 
calculated for each hydrogen ion activity at which rate data 
were determined. Rate constants were assigned then to the 
individual species. The contribution of each species to the 
rate was calculated, the sum of these contributions being 
the observed rate. Ionization and rate constant values were 
successively adjusted to give the best fit to the experi­
mental curve. When it proved impossible to obtain a satis­
factory fit, another species was introduced, ionization and 
rate constants assigned to it and all the rate and ionization 
constants adjusted to give the best fit to the experimental 
curve. This procedure was repeated until a satisfactory fit 
was obtained at 0.00°C.
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Retaining the ionization constants assigned at OoOO^C 
we calculated the mole fractions of the species at each 
hydrogen ion activity studied at 25«03°C, assigned rate 
constants to the individual species and calculated the ever- 
all rate constants» We then made adjustments in the 
ionization and rate constants, to obtain the best fit* 
Retaining the ionization constants assigned at 25<.03̂ 'Gj, we 
then applied the same procedure to the data at 39»50°C»
Some adjustment of the ionization constants was found 
necessary as the successive temperatures were considered, 
because data at each temperature covered a different pH 
range and were most sensitive to a different set of species» 
However, it was found that a single set of ionization :on= 
stants served for all three temperatures within the relia­
bility of our analytical data. Where several rate values 
were obtained from a given run we attempted to fit the 
calculated curve to the earlier values, since as pointed cut 
earlier these are believed to be more reliable.
As will be shown in the next section, it proved necessary 
to postulate the participation of six trimetaphosphate 
species in the hydrolysis reaction over the pH range studied. 
The remainder of this chapter is not strictly an outline, of 
the calculations as they were performed, but instead is 
designed to present arguments for the ionization and rate 
constants finally assigned {Table II). These arguments are 
presented in the form of comparisons of the assigned values
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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with bracketing values » Although the actual calculations 
began with the 0°C data, because of the narrow pH range 
covered at 0°C the arguments are presented on the basis of 
the 25,03 and 39»50°C data only. In Figures 3, 5̂  7, 9
and 10 some experimental points5 but no extreme ones have
been omitted for clarity,
B. CALCULATIONS % T H  Ki SET AT 1 x 10^ AND 1 x 10"'̂
Davies and Monk (6) reported an ionization constant of
0 .009 for trimetaphosphoric acid. In starting our calcu­
lations, this value was used for the ionization constant 
As is observed in Figure 3A the calculated curve bears no 
resemblance to the experimental curve. The calculated, curve 
remains horizontal over the pH range =3 »0 to 0.5, The 
experimental curve shows constantly changing rate over this 
pH range.
The mole fraction curve (Figure 4A) accounts for this,
OIt can be seen that when equals 1 x 10“%  virtually all 
the trimetaphosphate is in the form of the first species 
over almost the entire pH range studied at 25,03°C, causing 
the rate calculated on this basis to be constant over this 
pH range, K2 has the highest value possible under the rules 
mentioned before and adjustment of K2 cannot then reduce the 
mole fraction of the first species. Assigning smaller rate 
constants would lower the curve, but would not give any 
better fit.
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Figure 3. Rate calculations setting
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Figure 4» Species distribution with ionization constants shown
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It is clear that the ionization constant reported by- 
Davies and Monk is too small for the first reactive species «
A considerably larger ionization constant must be assigned in 
order that the first species will ionize in more acid 
solution, causing its mole fraction to change with pH in a 
more acid range.
1Changing K% to 1 x 10 and introducing a third species 
improves the curve considerably, the calculated curve being 
roughly parallel to the experimental, but the level portion 
in the pH range -2.0 to -3.0 (Figure 3B) shows is still 
too small. The mole fraction plot of the species (Figure 4B) 
confirms this, the mole fraction of the first species being 
constant over this pH range. Increasing the other ionization 
constants would decrease the mole fraction of the first 
species, but not enough to allow a fit to the experimental 
curve.
Further calculations showed two types of adjustments 
were needed; (1) Increased ionization constants for the first 
several species, and (2) Introduction of additional species.
A total of six acid species were required, with the respe:tivi 
ionization constants 1 x 10^ , 1 x 10^, 1 x 10^, 1 x iO'',
4 X 10"^ and 1 x 10"^. Figure 4C shows the mole fractions 
of the six acid species plus a seventh, resulting from ion 
ization of the sixth.
The first ionization constant assigned above is actual ! y 
a lower limit. It turns out that using any value greater
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than 1 X 10^ for the first ionization constantj and with 
slight adjustment of the rate constant for this species, a 
calculated curve consistent with the experimental data is 
obtained*
In Sections C, D, E, F and G of this Chapter, we shall 
show graphically, with explanation, the effect on the calcu­
lated curve as compared to the experimental curve, caused by 
changing an ionization constant sufficiently to cause 
deviation. We shall work through the successive species, in 
each example keeping the ionization constants assigned to 
earlier species constant. However, adjustments will be made 
in succeeding ionization constants along with adjustment of 
all the rate constants if necessary in order to obtain the 
best fit possible. It should be noted that assignment of 
ionization constants mainly governs the shape of the curve, 
whereas the rate constant values mainly align the curve 
vertically with the data,
C, ADJUSTING Kp, THE IONIZATION CONSTANT 
OF THE SECOND SPECIES
Increasing the second ionization constant from 1 x IG^
2to 5 X 10 , decreases the mole fractions of the first and 
second species (Figure 6A), consequently the rate constants 
of these two must be increased to obtain the best fit 
possible (Figure 5A), It might be suggested that the rate 
constant k^ be increased. This would allow a fit over the 
area from pH -2,5 to -0.2 but the fit over the area from
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2 5x10^ 1x10^ 2.1 xlO^ 8.6 xlO°
3 1.5x10^ 1x10^ 6.0 xlO° 7.75x10"^
4 1x10^ 1x10"^ 1.57x10^ 6.71x10“^
5 SxlO”^ 1x10“^ 2.4 xlO“^ 5.0 xlO”^
6 1x10“^ IxlO"^ 2.15x10"^
Experimental curve
pH
Figure 5- Rate calculations, changing Kg
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Figure 6. Species distribution in calculations changing K2
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pH -0.2 to 2.2 would now be destroyed as the calculated :ur¥e 
would be forced above the experimental curve. Since it is 
necessary to raise the rate constants and kg to get a fit 
at pH -2.5, the calculated curve rises over the experimental 
at a pH more acid than -2.5*
When the ionization constant of the second species is
2 1reduced from 1 x 10 to 1 x 10 , the mole fraction of the 
second species increases {Figure 6b ) forcing the calculated 
curve to rise above the experimental curve between a pH of 
-0.4 and -1.6 (Figure 5B). However, the calculated curve 
drops below the experimental curve between a pH of -1.6 
and -2.5 and rises again at a pH of -2.5, Even though the 
mole fraction of the second species is increased^ the mcle 
fraction of the first remains fairly constant, such that 
when the rate constants of the second and third spe'ies are 
lowered for a better fit of the portion of the curve between 
pH -1.6 and -2.5, the mole fraction of the first species 
does not increase enough to make up for the decrease in 
the second and third constants. Increasing the rate con­
stant kg, then has the effect of causing a too rapid rise 
in the curve more acid than a pH of -2.5* Lowering the rate 
constants k^, k^ and k^, for a better fit in the region 
pH -1.6 to “0.4, would drop the curve below the experi­
mental curve outside this region.
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D. ADJUSTING K., THE IONIZATION CONSTANT 
OF THÉ THIRD SPECIES
The mole fractions of the first, second and third 
species decrease quite markedly when the ionization constant 
is increased from 1 x 10^ to 1 x 10^* However, it is not 
necessary to adjust kj and k£, as increases in k^, k/̂  and kc; 
will cause these species to contribute enough to the rate to 
maintain the fit from pH -0.7 to -3.0 (Figure 7A). Increasing 
the rate constants so as to get a better fit in the pH region 
of -0.7 to 0.8, would raise the calculated curve above the 
experimental at both ends.
Decreasing the ionization constants of one or all of the 
third, fourth and fifth species, forces the calculated curve 
in the pH region between 0,8 and 2,2 above the experimental 
curve.
When the ionization constant is decreased from 
1 X 10^ to 1 X 10°, the mole fractions of all species in the 
pH region more acid than -2.3 are very little affected, but 
in the pH region between -2.3 and 2.2 the mole fractions of 
the second and third species increase greatly (Figure ?B},
In getting as close a fit as possible between pH®s -1,4 and 
0.8, k^ has been decreased to the same value as k2 , k^ has 
been decreased to 2/3 its original value and k^ has remained 
the same. The rate constant of the fifth species has been 
increased and a rate constant of the sixth species has been 
added to fit the curve between the pH’s 0.8 and 2.2, The
—29—
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7A 7B 7A 7B
1 1x10^ 1x10^ 1.8 xlO^ 1.49x10^
2 1x10^ 1x10^ 1.32x10^ 1.49x10^
3 1x10^ 1x10° 9.0 xlO° 4.38x10°
4 1x10^ 1x10° 7.8 xlO° 1.1 xlO°
5 1x1 1x10° 5.78x10"^ 5.0 xlO”^
6 1x10"^ 1x10"^ 2.46x10"^ 2.59x10”^
Experimental curve
"3 pH 0
Figure 7. Rate calculations, changing
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adjustments in the rate constants k^, k^ and k^ to get the 
best fit in the region between pH* s -1.4 and 0.8 cause the 
calculated curve to drop below the experimental in the pH 
region between pH* s -1.5 and -2.3 and pH* s -2.5 and -3.0.
This occurs because the rate constants of the species 
responsible have been decreased to keep the calculated curve 
between the pH*s -1.4 and 0.8 aligned with the data. The 
mole fractions of these species are not large enough between 
pH* s -1.5 and -2,3 and pH * s -2,5 and -3.0 to make up for the 
decrease in the rate constant.
It is impossible to increase and as they are 
equal to , and as stated earlier the ionization constant 
of the lower acid species should not be greater than the next 
higher species. is 0.1, but increasing it to 1.0 would
affect only the region around a pH of 2,0
E. ADJUSTING K., THE IONIZATION CONSTANT 
OF THE FOURTH SPECIES
Using the ionization constants 1 x 10^, 1 x 10^ and
1 X 10^ already established for the first three species and
increasing the ionization constant of the fourth species
“1from 1 X 10° to 1 X 10 , a curve was calculated diverging 
from the experimental curve as shown in Figure 8A. The 
third and fourth species are largely responsible for the 
dropping off of the curve in the region between pH“s -0.8 
and 0,8, as their mole fractions are not large enough in this 
region to give a fit using rate constants necessary for a
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5 1x10"^ 1x10“^ ^.72x10"^
6 IxlO"^ 1x10"^ 2,54x10"^
Experimental curve
pH 0
Figure 8. Rate calculations, changing 
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good fit between pH^s 0.8 and 2.2. Raising the rate con­
stants of the third and fourth species would bring about a 
fit in the pH region -0.8 to 0.8, but would bring the 
calculated curve above the experimental curve in the pH 
region between 0.8 and 2.2.
Lowering the ionization constants and v/ould cause 
the mole fractions of these species to increase enough to 
force the calculated curve above the experimental curve in 
the pH region between 0.8 and 2.2,
To get the best fit possible in the pH region between 
-3.0 and 0.8, it is necessary to raise the rate constants 
kjL, and k^ and at the same time lower the rate constant 
k2 * This accounts for the rising of the calculated curve 
above the experimental at pH’s more acid than -2,5 and the 
falling away of the calculated curve between pH’s -2,5 and 
-1.6 and pH’s -0,8 and 0.8,
When the ionization constant is decreased from 
1 X 10° to 1 X 10“ ,̂ the mole fractions of the third and 
fourth species increase so greatly it is necessary to ignore 
the rate constant of the fifth species altogether in order 
to obtain the most reasonable fit. This results in the 
calculated curve dropping below the experimental curve in 
the region less acid than pH 1,7 (Figure 8B), Lowering the 
ionization constants of the fifth and sixth species to get a 
better fit in the region more acid than pH 1,7, would only 
raise the calculated curve farther above the experimental 
curve.
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Lowering the rate constants and would merely drop 
the calculated curve below the experimental curve in the high 
acid region of pH’s less than -1.5. Since the ionization 
constants and already have the same value as K, , we 
could not increase them to reduce the mole fractions of the 
species responsible for the curve between pH^ s -1.5 to 1.7.
F. ADJUSTING Kr, THE IONIZATION CONSTANT 
OF THE FIFTH SPECIES
For this set of calculations, we will be using the ion­
ization constant values which we have already established 
for the first four species and their corresponding rate 
constants. The possible changes discussed here for Kq cause 
an insignificant change in the mole fractions of the species 
between pH’s -3.0 and -0.8 and therefore the calculated 
curve fits the experimental curve in these regions.
When is changed from 0.4 to 1.0, we see that a fit 
is obtained except for two regions, pH’s -0.4 to 1.0 and
2,0 to 2.2, where the calculated curve drops slightly away 
from the experimental (Figure 9A). To obtain the best fit, 
it is necessary to increase k^ and to allow the sixth species 
to contribute to the overall rate. Any attempt to increase 
the two rate constants for a better fit in the pH regions 
-0.4 to 1.0 and 2,0 to 2.2, would destroy the fit at other 
parts of the curve. Also, the mole fractions of the fourth 
and fifth species are not great enough in the pH region 
-0.4 to 1.0 to get a good fit using the rate constants fixed
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6 1x10"^ 1x10"^ 1.15x10"^ 2.69x10“'
Experimental curve
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Figure 9. Rate calculations, changing
0
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for these species in other regions, without making the fit 
less desirable at other regions of the curve.
At pH* s greater than 2.0, the mole fractions of the 
fifth and sixth species are not sufficiently great to get a 
good fit while maintaining the fit in the more acid regions. 
Decreasing the ionization constant Kq would result in poor 
fitting of the curve between pH* s 1.0 and 2,0,
Decreasing the ionization constant from 0,4 to 0,1, 
raises the curve between pH’s -0.2 to 1,4 and 2.0 to 2,2 
(Figure 9B)• The mole fractions of the fifth and sixth 
species are increased so much that the rate constants kc and 
cannot be reduced sufficiently to obtain a good fit in 
the pH regions -0.2 to 1.4 and 2,0 to 2,2 and still keep the 
fit where the calculated curve now falls on the experimental 
curve.
The ionization constant is 1 x lO"-*-, the same as 
K^, so that increasing any ionization constants for a better 
fit in the pH regions -0.2 to 1,4 and 2,0 to 2.2, is out of 
the question.
G. ADJUSTING K^, THE IONIZATION CONSTANT 
OF THE SIXTH SPECIES
Over the pH range studied at 25.03°C, can only be 
established as an upper limit. Consequently, for proving 
our choice of it is necessary to use the data at 39.50°C, 
where the pH range studied causes greater ionization of the 
sixth species.
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Increasing the ionization constant of the sixth species 
from 1 X 10"^ to 3 X 10”^, forces the calculated curve to 
diverge downward from the experimental, beginning at a pH of 
2.3 (Figure lOA). The mole fractions of the fifth and sixth 
species are so suppressed that the rate constants of these 
species cannot be increased sufficiently to fit the curve in 
the pH region 2,3 to 4.0 without distorting the curve at pH's 
less than 2.3# The overall rate constant between pH 2.4 and
4.0 is more dependent on the mole fraction and rate constant 
of the sixth than of the fifth species, therefore any 
increase of to get a better fit above pH 2.5 would destroy 
the fit below pH 2,3.
The sixth species increases so markedly when its ion­
ization constant is decreased from 1 x 10“  ̂ to 1 x 10“^ that 
the rate constant k^ must be lowered considerably to get the 
best fit to the experimental curve (Figure lOB). In orde" 
to keep the fit at pH’s less than 2.3, rate constants and 
k^ are raised, causing divergence of the calculated curve 
from the experimental between pH’s of 0.8 and 2.5. Lowering 
these rate constants for a better fit in this region would 
cause a less satisfactory fit between pH’s 2.5 and 3.3. For 
the region lying between pH’s 2.3 and 3.3, the mole fractions 
of the sixth species are not high enough to allow the two 
curves to merge. Adjusting the rate constants k^ and to 
a higher value would cause further rise of the calculated 
curve from the experimental curve on either side of the pH
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2 1x10̂ 1x10̂
3 1x10̂ 1x10̂ 1.75x10^ 1.75x10^
4 1x10° 1x10° 8.73x10° 8.55x10°
5 4x10”^ 4x10“^ 2.82x10”^ 3.25x10”^
6 5xl0~^ IxlO”^ 5.45x10“^ 4.28x10“^
Experimental curve
.5 1 2
Figure 10. Rate Calculations, changing
pH A
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region 2.5 to 3,3,
In the pH region between 3.4 and 4«0, the mole fractions 
of the sixth species are so high that decreasing the rate 
constants and sufficiently to bring about a fit in 
this region causes greater divergence in the pH region 2,5 
to 3.3.
H. CONCLUSIONS
Table II lists the ionization constants of the indi­
vidual species, the rate constants determined for each 
species at 0,00, 25.03 and 39.50°C and the activation ener­
gies of the first five species calculated from Figure 11,
We have listed many of the rate constants of the individual 
species in Table II with three significant figures. Three 
significant figures were necessary to obtain the best 
calculated curve with the ionization constants assigned. 
Uncertainty in the ionization constants produces corre­
sponding uncertainty in the rate constants, making their 
uncertainty about ^ 20^,
The ionization constant of the first species is a 
minimum value, any value greater than 1 x 10^ may be 
substituted and with adjustment of k^ the calculated curve 
will fit the experimental curve. Consequently, the rate
constant k^ is also a minimum value. The ionization constant
cK is not a maximum value, as the data at 39*50 C fix the 6
value of the ionization constant of the sixth species.
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Although the ionization constants of the other species 
are not maximum nor minimum values, they can be shifted 
slightly to greater or lower values and with corresponding 
adjustments in the rate constants of the individual species, 
the calculated curve will fit the experimental pointSo 
Hence, the ionization constants in Table II are listed as 
orders of magnitude only*
Figure 12 is a plot of the calculated curve with the 
experimental points» Table III lists the mole fractions of 
the species at each hydrogen ion activity and Figure 13 is a 
plot of the mole fractions of the species versus pH» Within 
experimental error these mole fractions apply at the three 
temperatures studied, as the same ionization constants apply 
to the three temperatures within experimental error»
The percent contribution of each of the species to the 
calculated overall rate constant at each hydrogen ion 
activity is shown in Table IV» Table V i s a  summary of the 
overall rate constants calculated from the values of ion­
ization and rate constants in Table II» The percent devi­
ations of the calculated overall rate constants from the 
experimental first-order rate constants are given in Table Vo
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
— /(-I —
-p
-p
o
bO
k *s
-2
3.63.53.2 3 .3
1/T X 10^
Figure 11. Arrhenius plot. Log k vs. l/T
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
T A B L E  II
IONIZATION AND RATE CONSTANTS AND ACTIVATION ENERGIES
Ionization Rate Consl^antSj Activation
Species Constants Energies,
kcal/rrole
0.00°C 25o3QOc 39o50°C
I :kl X io3 ^lo53 ^IB. 15.8*
2 1 X 10^ 1.45 13.2 14.2*
3 1 X 10^ .42 6.S 17.5 16.1
4 1 X 10° .050 1.1 8.6 22.0
5 4 X 10“^ .0055 .11 .27 17.1
6 1 X 10"^ .00181
“̂ Based on two temperatures only,
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c o ' i ^ o t o e u o o t t o m f — in O 'O J o c D ir - ' in m f -ocioooiO'oooocooor̂ tDcyctir''—«—«—»—
CVI C\j CVJ p— f— p— — — — — — — — — — — —
cvjp-ocTjcnin^oocnfo 
to to ^ o o  ’S' 00 5- If) in
o o  o  o o  o o . cvi 0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 6
%
3ü
go
i
co
0 w
@3
1
g
Ë
a
a
o
°oIpi
r -
nO
w©
•H
U©
Cu
CO
©
-pCÛJ3a,if> -d-oJZa.©
-p
1
}-,E-i
<r\
w
1—1
sQ<
2P:SS38KRRPs!^RZgsK8S{%8SooooaDooeor̂ r-r'U>mcvicvi{M<\i*-»-t-ooooo
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Figure 13. Species distribution with ionization constants from Table II
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T A B L E  I V
PERCENT CONTRIBUTION OF SPECIES TO RATE
0,00°C
pH Trxraetaphosphate Species
I 2 3 4 5
0.59 13 61 26
0.59 13 61 260.58 13 61 26
0.57 14 61 25
0.55 15 61 24
0.54 15 61 24-0.82 16 69 13 2
—1 • 64 3 58 38 1
-1.95 7 70 23—2.12 10 73 16—2 .4 6 22 71 7
-3.25 65 34
-3 .65 82 17
6
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T A B L E  I V  (continued)
PERCENT CONTRIBUTION OF SPECIES TO RATE
2 5 .03°C
pH Trimetaphosphate Species
1 2 3 4 5 6
2.08 8 92
2.04 8 922.00 9 911.96 10 90
1.92 11 891.90 11 89
1.89 12 871.86 12 88
1.83 13 871.81 15 85
1.75 15 851.69 21 791.22 1 37 621.20 1 38 60
1.19 1 39 60
1.17 2 40 59
1.15 2 41 58
1.13 2 42 561.11 2 43 550.62 9 64 270.61 10 64 260.60 10 64 26
0.49 13 66 20
-0.03 1 37 56 5
-0.45 3 61 35 1
-0.83 9 73 17-1,18 21 71 7
-1.53 2 38 57 3
-2.53 28 62 9
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TABLE IV (concluded)
PERCENT CONTRIBUTION OF SPECIES TO RATE
39.50°C
PH Trimetaphosphat e Species
1 2 3 4 5 6
3.89 5 953.86 953.81 5 943.80 6 953.61 8 92
3.55 9 903.48 11 89
3.45 12 883.28 16 83
3.13 21 78
2.55 4 49 472.52 5 50 452.50 5 fl 4h-
2.45 6 532.40 7 56 3”
2.35 8 57 34
2.27 10 60 300.68 3 84 1.3
0.67 4 84 120.66 4 84 12
0.64 4 84 120.61 4 85 11
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TABLE V
PERCENT DEVIATION,
CALCULATED FROM EXPERIMENTAL RATE CONSTANTS
o.oo°c
pH Calculated Experimental Percent
Rates Rates Deviaticr.
0.59 .00743 .0104 -28.8
0.59 .00743 .00757 -1.80.5Ô .00767 .00706 8.6
0.57 .00794 .00805 “8 a 4-
0.55 .00841 .00901 —6 Ü ^
0.54 .00870 .00813 7.0-0.82 .213 .208 2.4-0,82 .213 .203 4. ̂—1 .  64 .650 .722 -10.0
-1,95 .880 1 .36 "35.3-2.12 1.01 .966
-2.12 1.01 .935 7 01-2,46 1 .2 4 .964 28.6
-3.25 1.48 .913 62.0
-3 .2 5 1.48 .480 208.3-3 .65 1 .51 2.38 "36.5
-3 .65 1.51 1 .46 3 0 ̂
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TABLE V (continued)
PERCENT DEVIATION,
CALCULATED FROM EXPERIMENTAL RATE CONSTANTS
25.03°C
pH Calculated Experimental Percent
Rates Rates Deviation
2 ,00 .00217 .00230 -5.6
2.04 .00241 .00246 =■2 0 02.00 .00268 .00262 3.0
1.96 .00301 .00285 5 .61.92 .00332 .00323 2.81.90 .00351 .00351 0
1.89 ,00365 .00345 5.81.86 .00390 .00384 1.6
1,83 .00423 .00432 -2.11.81 .00452 .00444 1.8
1.75 .00523 .00547 “4 0 4
1.69 .00646 .00567 13.91.22 .0229 .0136 67 .61.20 .0243 .0211 IS.2
1.19 .0250 .0289 -1 3 .51.17 .0264 .0335 =210 2
1.15 .0281 .0329 —14.6
1.13 .0297 .0409 —27 0 41,11 .0316 .0424 - 2 5 0 4
0.62 .141 .141 00,61 .146 .162 -9.9
0.60 .150 .179
0.49 .209 .210 :ol5-0.03 .818 .813 0 .6
-0.45 1.87 1.74 7 .5-0.83 3 .3 6 3.18 c0 ;-1.18 5.17 5 .51 -6.2
-1.53 7 .14 7.16 -0.3
-2.53 13 .0 12.7 2 .4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
■53-
T A B L E  V  (concluded)
PERCENT DEVIATION5 
CALCULATED FROM EXPERIMENTAL RATE CONSTANTS
39.50°C
PH CalculatedRates
Experimental
Rates PercentDeviation
3.89 .000216 .000238 -9.23.86 .000230 .000189 21.73.81 ,000256 .000260 -1.53.80 .000260 .000313 -16.93.61 .000389 .000274 42.0
3.55 .000440 .000420 4.83.48 .000507 .000637 -2 0 .4
3.45 .000537 .000690 -22.23.28 .000747 .000726 2.9
3.13 .000986 .000992 -6.0
2.55 .00284 .00260 9.22.52 .00302 .00270 1:08
2.50 .00314 .00294 6.8
2.45 .00346 .00266 3O0I2.40 .00383 .00367 I > -■4’ 0 ̂
2.35 .00427 .00428 0.2
2.27 .00505 .00496 1.80.68 0684 .395 73ol
0.67 .708 .535 32.30.66 .727 .646 12.5
0.64 .780 .790 —12 0 60.61 .859 .856 0.3
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CHAPTER Y 
DISCUSSION OF RESULTS
As was shown in Section B, Chapter IV, it was impossible 
to calculate a curve fitting our experimental points using 
only two or three ionic species. The experimental data 
showed that the rate changes over too wide a pH range tc 
permit accounting for the rate changes on the basis of two 
or three species.
It was necessary to consider the involvement of a total 
of six species in order to obtain a curve fitting our 
experimental points. In obtaining a curve with the steep 
slope of the experimental points, we found that the ion­
ization constants of the first four species must decrease 
successively by a factor of ten. The fifth and sixth ion­
ization constants do not follow this order. They determine 
the mole fractions of species contributing to the overall 
rate at pH's higher than 2.5, where the slope of the 
experimental points is not so great.
Support to the ionization and rate constants that we 
have assigned is the Arrhenius plot, Figure 11. Here are 
plotted logarithms of the rate constants kg, k-, ki and 
k5 versus reciprocal temperatures. The length of the 
vertical lines represents an estimated 20% uncertainty in 
the rate constant values,
-54-
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Healy and Kilpatrick reported activation energies of 
2 3«4, 22,Ô and 24«0 kcal/mole for the overall reaction for 
the respective pH’s 2,16, 1,96 and 1,70 (14)« The activation 
energies we determined for the first five species are 15,0, 
1 4.2 , 16.1, 22.0 and 17,1 kcal/mole respectively. The third, 
fourth and fifth species are responsible for most of the 
observed rate in the pH range studied by Healy and 
Kilpatrick. The plots were made and activation energies 
were determined after we had decided on the set of rate and 
ionization constants and were not used in our choice of ion­
ization and rate constants.
So far we have avoided identifying any of the species 
corresponding to the ionization constants, Healy and 
Kilpatrick reported the existence of H2 p-j0 '̂"̂  and HP^Og^^
(14). Davies and Monk reported an ionisation constant for 
H3 P3 O9  (6 ). The three species H^P^Og, HgPcOç^ and HP^Oq^ 
would presumably be responsible for the ionization constants 
K4 , ^5 ^6 ^Gspectively,
Proposing species corresponding to the higher ion­
ization constants would require the introduction of higher 
protonated species. This is not a new concept as other 
experimenters have proposed more highly protonated species 
than the neutral acid. The species has been
postulated to exist in phosphoric acid solutions (10, 11, 1 6 ), 
Still other protonated species have been postulated; in 
highly acid media pyrophosphoric acid is believed to produce
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the species and H^PgOy*"^ (17, p.46; 20).
We suggest that the species corresponding to the 
ionization constants K%, Kg and are respectively,
and The rate constants kg,
^3» ^4 » ^5 aiid correspond to the rate constants of
H;P,0g+2, HjPjOg, HjP^Og-l, ar.d HP^Og'2
respectively.
No attempt was made to keep the ionic strength constant, 
since in the most acid regions studied ionic strengths were 
encountered that would be impossible to obtain at ordinary 
acidities. It has been shown that increases in the ionic 
strength of acetic acid solutions increase the ionization 
constant of the acetic acid, from changes in the ionic 
activity coefficients as determined from potentiometric 
measurements (12, 13). We would expect then an increase 
in the ionization constants of the trimetaphosphata specie? 
with increase in ionic strength.
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CHAPTER VI 
SUMMARY
The hydrolysis of trimetaphosphate was studied over a 
pH range of “3<>65 to 3.Ô9 and at temperatures of 0»0G - oO.< 
25*03 “ .02 and 39*50 ^ .04^0 and first-order rate oonstart-s 
were determined. The reaction is presumably second-order, 
but at constant water activity the data may be treated by 
first-order chemical kinetics. In order to fit the data we 
found it necessary to propose the existence of three highly 
protonated ionic species, HyP̂ Ô '̂ '-', and .
The six trimetaphosphate species , H:,PjÔ '̂ '",
^4^3^9^^* H3P3O9 , ngP^O^"^" and HP^O^,“  ̂ were assigned the
respective ionization constants >1 x 10-̂ , 1 x lO^y I x 1C ",
0 1 ^1 x 10 , 4 X 10“ and 1 x 10""- as orders of magn: tude. Tc -
ionization constant of Ĥ PqOç̂ "̂  ̂ was found to be a lower
limit.
At 0.00 ^ „02°C, the respective hydrolysis rats constant 
assigned for Ĥ P̂ Og'̂ -̂ s H c;P̂ Oç,'̂ ~j H^P-0 °̂̂ ‘, H^PiOg and 
H2P309“^ were 1*53, 1.45, 0.42, 0,050 and 0 .00' - h,r.“^. k\ 
25.03 ^ ,02°G, the respective hydrolysis rate ronstanic 
assigned for the species mentioned above were 18, 13*2, é.8 ,
1.1 and 0.11 hr.“^. At 39-50 .04°C, the - espe"tree
hydrolysis rate constants assigned for the species H^PjOg^'", 
H3P3O9 , H2P309“  ̂ and HP30g"^ were 17* 5, 8 .6 , 0.2? and
-57-
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0.00181 hr* , The rate constants of were found tc
be lower limits. Uncertainties of -20^ were considered t: 
apply to the rate constants.
Activation energies for the hydrolysis of H^PjOg/' ,
16.1; 22.0 and 17*1 kcal/mole^ respectively.
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